This work analyzes the high-pressure (HP) germination of spores of the food-borne pathogen Clostridium perfringens (with inner membrane [IM] germinant receptors [GRs]) and the opportunistic pathogen Clostridium difficile (with no IM GRs), which has growing implications as an emerging food safety threat. In contrast to those of spores of Bacillus species, mechanisms of HP germination of clostridial spores have not been well studied. HP treatments trigger Bacillus spore germination through spores' IM GRs at ϳ150 MPa or through SpoVA channels for release of spores' dipicolinic acid (DPA) at >400 MPa, and DPA-less spores have lower wet heat resistance than dormant spores. We found that C. difficile spores exhibited no germination events upon 150-MPa treatment and were not heat sensitized. In contrast, 150-MPa-treated unactivated C. perfringens spores released DPA and became heat sensitive, although most spores did not complete germination by fully rehydrating the spore core, but this treatment of heat-activated spores led to almost complete germination and greater heat sensitization. Spores of both clostridial organisms released DPA during 550-MPa treatment, but C. difficile spores did not complete germination and remained heat resistant. Heat-activated 550-MPa-HP-treated C. perfringens spores germinated almost completely and became heat sensitive. However, unactivated 550-MPa-treated C. perfringens spores did not germinate completely and were less heat sensitive than spores that completed germination. Since C. difficile and C. perfringens spores use different mechanisms for sensing germinants, our results may allow refinement of HP methods for their inactivation in foods and other applications and may guide the development of commercially sterile low-acid foods.
A number of Clostridium species are of significant concern in the food and health care industries as they can cause some human disorders, including food poisoning (Clostridium perfringens), botulism (Clostridium botulinum), and severe and potentially fatal diarrhea (Clostridium difficile) (1) (2) (3) . Notably, the spore form of these organisms is the etiological agent of these diseases, and spores are extremely resistant to many normal decontamination regimens. As a consequence, eradication of such spores from foodstuffs, health care facilities, or medical products requires rather severe treatments such as very high temperatures, a high radiation flux, or strong and in some cases rather toxic chemical agents (2, 4, 5) .
One emerging technology that in recent years has attracted significant attention for reducing spore levels in foods or other materials is very high hydrostatic pressure (HP). In particular, HPs of Ͼ500 MPa in conjunction with elevated temperatures (T Ͼ 90°C, and with compression heating generating T Ϸ 121°C) have commercial potential for the preservation of low-acid, shelfstable, high-value foods (6, 7) . Research in recent years on how HP at elevated temperatures results in spore killing, primarily on spores of various Bacillus species, has indicated that HP generally kills spores by triggering spore germination (8) (9) (10) (11) (12) , and the elevated temperatures can now kill the heat-sensitive germinated spores (6, 7, 10 -12) .
The mechanisms whereby HP triggers Bacillus spore germina-tion have been well studied (8, 9, 13, 14) . HPs of 50 to 300 MPa and T ϭ 37°C activate spores' inner membrane (IM) germinant receptors (GRs), which recognize nutrient germinants, thus triggering spore germination. Treatment of B. subtilis spores at 150 MPa can also result in spores that are activated for germination, although these activated spores can decay to the unactivated dormant spore state depending on the incubation conditions (15) . Interestingly, the 150-MPa HP germination of spores of some Bacillus species can be greatly potentiated by a heat activation step prior to HP treatment, most likely by activating at least some IM GRs (16) . In contrast, HPs of 400 to 1,000 MPa (550 MPa and 50°C for B. subtilis spores) trigger the opening of a SpoVA protein channel in spores' IM, allowing the release of the spore core's huge depot (ϳ25% of dry weight) of dipicolinic acid (DPA) in a 1:1 chelate primarily with Ca 2ϩ (14) . The DPA-less spores that are generated by very high pressure then germinate spontaneously (17) , as one or more enzymes that degrade the spores' peptidoglycan (PG) cortex (cortex-lytic enzymes [CLEs] ) become activated upon DPA release, allowing for cortex hydrolysis to complete spore germination. This overall process thus converts a dormant, highly resistant spore that appears bright in phase-contrast microscopy to a metabolically active, fully germinated spore that has lost the dormant spores' resistance properties and appears dark in phase-contrast microscopy.
While how HP triggers Bacillus spore germination is fairly well known, less is known of how clostridial spores are germinated by HP. This is particularly notable, since there are important differences in the mechanisms of germination of spores of Bacillus and at least some Clostridium species (18) (19) (20) (21) . As noted above, germination of spores of Bacillus species is normally triggered by the binding of nutrient germinants to IM GRs, and this triggers DPA release. DPA release then activates CLEs in spores' outer layers either directly or indirectly, leading to initiation of cortex PG hydrolysis; accordingly, genetically CaDPA-less Bacillus spores rapidly hydrolyze cortex PG spontaneously (17) . While spores of C. perfringens have similar IM GRs and many of the components of the SpoVA channel found in Bacillus spores and might be expected to germinate similarly to B. subtilis spores with HP (21), ultimately a protease in spores' outer layers (OL) external to spores' IM must be activated to cleave and activate a zymogen of the only essential CLE, pro-SleC, and active SleC then initiates cortex PG degradation (19, 21) . The OL includes spores' PG cortex and germ cell wall, coat, and exosporium. While the signaling pathway leading to DPA release and generation of active SleC in C. perfringens spores is not clear, IM GR activation in these spores may directly trigger DPA release, since (i) when these spores lack all known CLEs, CaDPA release still takes place, although ϳ10-fold slower than in wild-type spores, and (ii) mutant C. perfringens spores that lack DPA are stable, do not spontaneously proceed to cortex PG lysis, and thus fail to complete germination (22) (23) (24) . However, since DPA-less C. perfringens spores still respond to GRdependent germinants by triggering SleC activation, cortex hydrolysis, and completion of germination (24) , activated GRs may also trigger generation of active SleC directly. The situation is even more different in spores of some other clostridial species, most notably C. difficile, that lack IM GRs (21) . In C. difficile, the GR appears to be a pseudoprotease in spores' OL that when bound to an appropriate bile salt activates the protease that activates the CLE zymogen pro-SleC (19, 20, (25) (26) (27) . DPA release in C. difficile spore germination is absolutely dependent on initiation of cortex hydrolysis (28, 29) , unlike the situation in Bacillus and C. perfringens spore germination (18, (22) (23) (24) . As predicted from the latter result, genetically DPA-less C. difficile spores are also stable and do not spontaneously complete spore germination (26) .
In the current work, we have examined the germination of spores of C. perfringens with and without a prior heat activation step and of spores of C. difficile following treatment with 150 MPA at 37°C and 550 MPa at 50°C. The effects of HP on these spores were followed by monitoring DPA release, completion of spore germination, and loss of spore viability and heat resistance. The results of this work provide new insight into mechanisms of HP germination of spores of Clostridium species and suggest ways to improve at least C. perfringens spore killing by HP and perhaps that of other Clostridium species as well.
MATERIALS AND METHODS
C. difficile and C. perfringens strains and spore preparation. C. difficile strain ATCC 43601 (ribotype 031) was used in all experiments, and spores of C. difficile strain ATCC 43593 were also used in a few experiments. Spores of these strains were prepared anaerobically on 70:30 sporulation medium agar (30) and harvested, purified, and stored as described previously (31) . Spore purification involved extensive washes with water, separation of dormant spores from debris, growing and sporulating cells and, germinated spores on a Histodenz gradient, and then several water washes (32) . Spore purity was assessed by phase-contrast microscopy, and all preparations used were effectively free of growing cells, germinated spores, or cell debris (Ͻ2%).
The C. perfringens strain used was MRS101, a derivative of the food poisoning isolate SM101 lacking the gene encoding the enterotoxin CPE (33) . Spores of this strain were prepared, purified, and stored as described previously (23, 33) . The purified spores of this strain used in this work were effectively free of sporulating cells, germinated spores, and debris (Ͻ2%) as observed by phase-contrast microscopy.
HP treatments. Spores at an optical density at 600 nm (OD 600 ) of ϳ3 (ϳ7 · 10 8 spores/ml; ϳ1.5 ml) were dispensed in flexible pouches that were double sealed, placed in a second pouch that was also double sealed to prevent cross-contamination, and then treated for various HP hold times at either 37°C and 150 MPa or 50°C and 550 MPa as described previously (14, 34) . Samples for time zero of HP treatment were subjected to the normal come-up to the target HP, which took ϳ40 s (come-up time), but this was released within 1 to 2 s after the target pressure was achieved. C. perfringens spores were treated either directly or after a heat activation step (80°C; 10 min) with subsequent cooling, since previous work showed that C. perfringens spore germination was stimulated tremendously by heat activation (23), while C. difficile spore germination is not (29, 35) . After HP treatments, all treated samples were placed on ice and then frozen ϳ6 h later and kept frozen until further analyses.
Analysis of germination of HP-treated spores. HP-treated samples were centrifuged in a microcentrifuge, and the supernatant fraction was analyzed for DPA by its fluorescence with TbCl 3 . Specifically, various aliquots of the supernatant fluid were mixed with 50 l of 100 mM K-HEPES buffer (pH 7.4)-200 M TbCl 3 , the volume was made to 200 l, and the Tb-DPA fluorescence was measured in a multiwell fluorometer (Molecular Devices, Sunnyvale, CA), as described previously (36) . Total DPA in spore samples was determined by boiling samples for 30 min, centrifuging, and determining the DPA level in the supernatant fluid as described above.
For analysis of individual spores that retained DPA, pelleted samples of HP-treated spores were suspended in ϳ20 l H 2 O, and ϳ250 individual spores were examined simultaneously by differential interference contrast (DIC) microscopy at 25°C to identify spores that exhibited a significant decrease in their refractive index and either had only released their DPA or had both released DPA and also degraded their PG cortex (37) . In this analysis, individual spores were captured by laser tweezers, and their Raman spectra were determined. The spectra of 100 individual spores were acquired to determine the percentage of spores in any sample that retained DPA. To determine the DPA concentration in the spores that retained DPA, Raman spectra of individual spores were acquired using a laser power of 20 mW at 780 nm with an integration time of 20 s. The DPA concentration in these spores was determined from the intensity of the major CaDPA Raman peak at 1,017 cm Ϫ1 relative to the peak intensity of this same band from a CaDPA solution of known concentration. The Raman spectra of 30 treated spores that did or did not retain CaDPA were averaged as described previously (37) (38) (39) (40) .
Aliquots of HP-treated spores were also examined in a phase-contrast microscope to measure the percentage of spores that had become phase dark (100 to 200 individual spores were examined) and had thus released DPA, hydrolyzed cortex PG, and undergone core swelling; these spores have undoubtedly completed the germination process. In this microscopy, it was often notable that many HP-treated spores had become slightly dimmer than the starting dormant spores. While the appearance of these dimmer spores generally tracked with the levels of spores that had lost DPA, it was not easy to consistently see the difference between phase-bright and phase-dim spores in our microscope, and thus numbers of phase-dim and phase-bright spores were added together.
Analysis of the viability and heat sensitivity of HP-treated spores. The viability of C. perfringens spores given various HP treatments was determined as described previously on brain heart infusion (BHI) agar plates (24) with or without a heat treatment at 89°C for 30 min on the HP-treated spores. Aliquots of spores were serially diluted in water, duplicate 10-l aliquots of various dilutions were applied to BHI plates that were incubated anaerobically at 37°C for 24 h, and colonies were counted.
The viability of C. difficile spores after the HP treatments, and with or without subsequent heat treatment, was determined as previously described (26) . Approximately 3 ϫ 10 7 spores (equivalent to 1.10 OD 600 units) were resuspended in 300 l of water, and the sample was equally divided into three sets. One set was left untreated, while the other two sets were heated at either 70°C or 80°C for 15 min. Aliquots of these spores were then serially diluted in phosphate-buffered saline, and 10-l aliquots of the resulting dilutions were plated in duplicate or in triplicate onto BHIS agar plates containing 0.1% taurocholate (TA). After ϳ22 h, colonies arising from germinated spores were counted.
RESULTS
Germination of C. difficile spores by HP treatment at 150 and 550 MPa. Previous work has shown that an HP of ϳ150 MPa triggers Bacillus spore germination by activating GRs in spores' IM; this germination is accompanied by DPA release as well as cortex hydrolysis, and Ͼ90% of these spores exhibit these changes after 7 min of 150-MPa HP treatment at 37°C (8, 13) . Since C. difficile spores lack IM GRs, it was not surprising that C. difficile spores released very little DPA during exposure to 150 MPa of HP, even after 20 min; this was the case when DPA release was measured either by bulk determinations or by assessing the percentage of individual spores that had released DPA ( Fig. 1 [note scale on vertical axis]). In addition, Ͻ4% of the spores treated for periods of up to 20 min with 150 MPa of HP had become dark in the phase-contrast microscope, consistent with minimal completion of spore germination with this HP level ( Fig. 1 ). Not only did the level of C. difficile spores that retained DPA not decrease significantly during HP treatment at 150 MPa, but the average DPA concentration in these individual spores also did not decrease significantly during this treatment (Table 1) . This finding was consistent with the minimal levels of DPA release, if any, from spores during this HP treatment (Fig. 1) . C. difficile ATCC 43593 spores behaved almost identically to ATCC 43601 spores during 150-MPa treatment (data not shown).
In contrast to the effects of 150 MPa of HP on C. difficile spores, Samples treated for various times were assayed for DPA release in separate experiments by measuring either DPA released in germination supernatant fluid (white bars) or the percentage of individual spores that had lost DPA (white stippled bars). In the two experiments, the percentages of spores that were phase dark and had thus completed germination were also measured (gray bars and black stippled bars). All values were corrected for the small percentage (Ͻ2%) of phase-dark spores in the starting spores and the small percentage (Ͻ5%) of DPA that was present in the supernatant fluid or absent from untreated spores, all as described in Materials and Methods. In a separate experiment, Ͻ5% of individual C. difficile spores had lost DPA or had become phase dark after 15 min of 150 MPa treatment (data not shown). 550 MPa of HP triggers Bacillus spore germination in an IM GRindependent manner, almost certainly by activating the SpoVA proteins' DPA release channel in the spores' IM (13, 14, 41) . C. difficile does have a spoVA operon expressed late in sporulation that was recently shown to be essential for transporting DPA into developing spores (26, 42, 43) . One protein encoded by this operon, SpoVAC, has been shown to function as a mechanosensitive protein in B. subtilis (21, 41) . Therefore, it was expected that 550 MPa of HP would stimulate DPA release in C. difficile spores, and this was indeed the case ( Fig. 2A and B) . Spores of C. difficile rapidly released DPA with 550 MP of HP, as measured either by bulk measurements of DPA released or by the percentage of individual spores that had released DPA ( Fig. 2A and B) . However, phase-contrast microscopy of spores treated with HP at 550 MPa for various times revealed that after all times of this HP treatment, Ͻ2% of the treated spores had become phase dark ( Fig. 2A and B) , although many appeared dimmer than starting spores in phasecontrast microscopy (see Materials and Methods) and had DIC image intensity lower than that of starting spores but higher than that of fully germinated spores (data not shown). Thus, even though essentially all DPA had been released after 15 or 20 min of 550-MPa HP exposure, the treated spores failed to hydrolyze their cortex and complete the germination process. The finding that cortex hydrolysis was not carried out in 550-MPa-treated C. difficile spores is similar to a previous finding that there is minimal if any cortex hydrolysis in C. difficile spores germinating with dodecylamine (29) (see Discussion). While almost all 550-MPa-treated C. difficile spores did release their DPA, those spores that retained their DPA had levels similar to those in the initial dormant spores ( Table 1 ), indicating that DPA release by this HP is an all-or-none phenomenon, similar to the situation in Bacillus spores (15) . Germination of C. perfringens spores by HP treatment at 150 or 550 MPa. In contrast to the minimal level of germination events, if any, in C. difficile spores treated with HP of 150 MPa, ϳ75% of C. perfringens spores that had not been heat activated released their DPA after ϳ1 min of this HP treatment (Fig. 3A) . However, the appearance of phase-dark, fully germinated spores was much slower than DPA release in this experiment; after 15 min, only ϳ30% of the spores had become phase dark, while ϳ90% of spores had lost their DPA. As found with C. difficile spores treated with 550 MPa, C. perfringens spores that retained their DPA after 150-MPa treatment had DPA levels essentially identical to those in starting spores (Table 1) .
Previous work showed that germination of C. difficile spores is not stimulated by prior heat activation (29, 35) . However, the germination of C. perfringens MRS101 spores with germinants recognized by IM GRs is stimulated Ͼ10-fold by brief heat activation at 80°C (23) . Consequently, we examined the germination of heat-activated C. perfringens spores during a 150-MPa treatment (Fig. 3A) . Strikingly, germination events as measured by either DPA release or appearance of phase-dark spores were much faster and more complete with the heat-activated spores (Fig. 3A) . Indeed, most DPA was lost in the time to come to the target HP of 150 MPa. However, again, the appearance of phase-dark, fully germinated spores was significantly slower than the loss of DPA.
As seen with treatment at 150 MPa, treatment of unactivated and heat-activated C. perfringens spores with 550 MPa triggered release of DPA from most spores (Fig. 3B) . With unactivated spores, the appearance of phase-dark spores was slower than DPA release, and it was even slower than with 150 MPa of HP. Heatactivated spores treated at 550 MPa of HP also had higher rates of DPA release and appearance of phase-dark spores than unactivated spores, although the appearance of phase-dark spores was still slower than DPA release.
Average Raman spectra of HP-treated spores that did or did not retain CaDPA. In order to obtain further information about the effects of HP on Clostridium spores, the average Raman spectra of ϳ30 individual C. difficile and C. perfringens spores that retained DPA during HP treatment was determined (Fig. 4A and 5A and B; Table 1 ). The average Raman spectra of HP-treated C. difficile spores that retained DPA were similar for spores treated at 550 MPa either only during the ϳ40-s come-up time to the target HP or for many minutes (Fig. 4A) ; this was also true for C. difficile spores treated at 150 MPa, as expected (data not shown). This finding indicates that the average DPA concentrations in the 550-MPa-treated spores that retained DPA did not decrease appreciably, if they decreased at all, during HP treatment, as noted above and found previously for Bacillus spores (14) . This result again indicates that DPA release triggered by HP is an all-or-none phenomenon. Consistent with this conclusion, HP-treated (550 MPa) C. difficile spores that were scored as releasing DPA exhibited no DPA-specific peaks in their Raman spectra (Fig. 4B ). Another region of spores' Raman spectra that can give significant information is the spectral region from 1,653 to 1,667 cm Ϫ1 . In this region of the Raman spectrum, the peak at 1,653 cm Ϫ1 is due to the ␣-helical structure of proteins, while the peak at ϳ1,665 cm Ϫ1 is due to disordered protein (38Ϫ40, 44). While there were some very small changes in this region of HP spores' Raman spectra, none were significant, and no trends in these changes were seen (Fig. 4B) .
Average Raman spectra of C. perfringens spores that were HP treated at either 150 MPa or 550 MPa and that had retained their DPA also exhibited heights of DPA-specific peaks that were similar in spores from all HP treatment times examined ( Fig. 5A and  B) . This result, combined with the absence of DPA-specific Raman peaks in the spectra of spores that were scored as not retaining DPA (Fig. 5C and D) , further indicates that DPA release triggered from C. perfringens spores by HP treatment is an all-or-none phenomenon. In addition, the average Raman spectra of HPtreated C. perfringens spores exhibited little change in the region from 1,653 to 1,667 cm Ϫ1 irrespective of these spores' DPA levels ( Fig. 5A to D) . This finding suggests that these HP treatments led to minimal protein denaturation.
Effects of HP treatment on C. difficile and C. perfringens spore viability and heat resistance. It was clear from the results noted above that 550 MPa of HP could trigger DPA release from C. difficile spores but not the completion of spore germination, while 150 and 550 MPa of HP triggered DPA release and completion of germination of C. perfringens spores. Important questions arising from these HP treatments are whether (i) triggering DPA release alone will be sufficient to lead to significant spore killing by some mechanism and (ii) spores that have released DPA but have not completed germination have become more heat sensitive than dormant spores. To test the effects of HP on spore viability, samples of HP-treated spores were applied to appropriate plates and spore viability was determined. In addition, treated spores were first given a heat treatment (C. difficile for 15 min and 70°C or 80°C; C. perfringens for 30 min at 89°C), and then spore viability was determined. Such heat treatments are relatively innocuous to fully dormant C. difficile ATCC 43601 spores and cause only minimal killing of fully dormant C. perfringens spores (see below). These heat treatments might well rapidly kill DPA-less spores that have an elevated core water content, even if they have not hydrolyzed their PG cortex and completed germination, and should kill fully germinated spores that have an even higher core water content (17, 24, 26) .
The results of the experiments noted above with C. difficile spores treated at 150 MPa of HP were that (i) there was no significant decrease in spore viability over a 15-min treatment and (ii) the treated spores exhibited no decrease in viability upon wet heat treatment (Fig. 6A) . Notably, mutant spores of C. difficile that lack DPA because of the absence of DPA synthase remain phase bright because cortex PG is not hydrolyzed, but they are killed more rapidly at 80°C than are DPA-replete spores, presumably because the DPA-less spores have a higher core water content than DPA-replete spores (26) . Surprisingly, with spores treated at 550 MPa of HP there was (i) no decrease in spore viability during the HP treatment and (ii) no decrease in spore resistance to 80°C or 70°C as this HP treatment continued (Fig. 6B and data not shown) .
In contrast to the results noted above with C. difficile spores given a 150-MPa HP treatment, similar treatment of unactivated C. perfringens spores resulted in (i) an ϳ4-fold decrease in spore viability as well as (ii) a marked loss in spore heat resistance (Fig.  7A) . Treatment of unactivated C. perfringens spores with 550 MPa of HP gave results very similar to those seen with 150 MPa; there was some loss in spore viability and some loss in wet heat resistance, as this HP treatment was continued, in contrast to results with C. difficile spores treated with 550 MPa of HP (Fig. 6B and compare Fig. 7A and C) .
The results of measurements of spore viability and heat sensitivity upon HP treatment of heat-activated C. perfringens spores were similar in some ways to those with unactivated spores, in that spore viability decreased 3-to 4-fold after 15 min of HP at 150 or 550 MPa (Fig. 7B and D) . However, spore viability after heat treatment decreased ϳ10-fold more than that of unactivated spores when heat-activated spores were treated at either HP (compare Fig. 7A and C with Fig. 7B and D) . It was also striking that when either unactivated or heat-activated spores were heat treated following various HP treatment times, the levels of the decreases in spore viability tracked well with the levels of spores that had lost DPA (Fig. 7A to D) . In contrast, levels of phase-dark spores that had most likely completed germination triggered by HP treatments were not correlated with loss of either spore viability or DPA (Fig. 7A to D) , although certainly all fully germinated spores have lost DPA.
DISCUSSION
In this study, we have shown that HP treatment triggers DPA release in spores of C. difficile and C. perfringens but does not induce complete C. difficile spore germination, in contrast with the case for C. perfringens spores, and that prior heat activation greatly stimulates HP germination of C. perfringens spores. There are three major events in the germination of spores of Bacillus spp. and C. difficile and C. perfringens (18-21, 28, 29, 45) : (i) triggering of germination by germinants acting on either IM or OL GRs, (ii) release of DPA via IM SpoVA protein channels, and (iii) hydrolysis of the spores' cortex by CLEs (Fig. 8) . Some components involved in these major events are similar in spores of Bacillus species and C. difficile and C. perfringens, in particular SpoVA proteins and IM GRs in C. perfringens, but others, such as the OL GR in C. difficile spores and CLEs in the clostridial spores, are different. One of the most striking differences is the order of the three major germination events with spores of Bacillus spp. and C. difficile (Fig. 8) . Germinant sensing by GRs is the first event, but in Bacillus spores the second step is DPA release followed by cortex hydrolysis, while this order is reversed in C. difficile spore germination. In Bacillus spp., DPA release triggers CLE activation and CLE action is not essential for DPA release, although can accelerate it (18, (45) (46) (47) (48) (49) ; in contrast, in C. difficile spore germination, initiation of cortex hydrolysis by SleC precedes and triggers DPA release (28) , much as lysozyme treatment of decoated Bacillus species in hypertonic medium triggers DPA release (48) . Indeed, in C. difficile spores, the absence of SleC eliminates DPA release with physiological germinants (28, 29) . Notably, DPA-less Bacillus spores are extremely unstable and germinate spontaneously (17, 49) , while DPA-less C. difficile spores are stable (26) . DPA-less C. perfringens spores are also stable but are germinated by IM GR-dependent germinants, suggesting that the IM GRs in these spores can somehow trigger cortex hydrolysis (24) . However, SleC is not essential for DPA release in C. perfringens spore germination, although SleC's absence slows DPA release from individual spores ϳ10-fold in IM GR-dependent germination (22, 23) . It has been generally suggested that in C. perfringens spore germination, IM GRs open the SpoVA protein channel for DPA (20) . However, all these results suggest that in C. perfringens spores, activated IM GRs may trigger spore germination by activating either SleC or DPA release somewhat independently (Fig. 8) .
The major differences in the signal transduction in germination of spores of Bacillus species, C. difficile, and C. perfringens likely explain much of the differential responses to HP treatments observed for C. difficile and C. perfringens spores. Thus, 150 MPa of HP has no effect on C. difficile spores, since IM GRs are absent and presumably the OL pseudoprotease that recognizes germinants (25) is not affected by this HP. Indeed, B. subtilis spores lacking all IM GRs germinate extremely poorly with 150 MPa of HP (8) . However, with C. perfringens spores, which contain IM GRs, germination events, including DPA release and at least some cortex hydrolysis, are triggered by 150 MPa of HP. Presumably the IM GRs activated by this HP in turn either (i) activate the SpoVA channel leading to DPA release, with this release somehow leading to generation of active SleC, (ii) directly stimulate the activity of a Csp protease which then proteolytically activates pro-SleC, leading to initiation of cortex hydrolysis and then DPA release, or (iii) perhaps activate both pathways, leading to completion of spore germination. There is also evidence that a second CLE in C. perfringens spores, SleM, can play a small role in cortex hydrolysis in spore germination, although SleM alone is not sufficient for the germination of Ͼ99% of C. perfringens spores (22) . The more rapid and complete germination of heat-activated C. perfringens spores exposed to 150 MPa of HP is consistent with the 150-MPa germination of spores of at least two Bacillus species being stimulated markedly by heat activation, a treatment that is thought to exert its effects primarily by increasing the responsiveness of IM GRs (16) .
With spores of B. subtilis, treatment at 550 MPa leads to rapid completion of germination, even in the absence of all GRs. In contrast, with C. difficile spores, while 550-MPa treatment triggered DPA release, spore germination was not completed, presumably because these spores' signal transduction system leading to cortex hydrolysis is not activated by DPA release. This finding is consistent with the stability of genetically DPA-less C. difficile spores noted above. In contrast, not only did C. perfringens spores treated with 550 MPa release DPA but many of these DPA-less spores, in particular when previously heat activated, completed germination and presumably degraded their cortex. In contrast, genetically DPA-less C. perfringens spores are stable and do not complete spore germination (24) . At present we cannot definitively explain (i) why heat activation increases rates of 550-MPa germination so dramatically and (ii) why 550-MPatreated C. perfringens spores can complete germination. A simple hypothesis to answer both of these questions is that the IM GRs in C. perfringens spores actually become activated by HPs lower than 550 MPa during the come-up time to this pressure (see Materials and Methods). Thus, the 550 MPa of HP treatment actually triggers germination in two ways: (i) by action of 550 MPa directly on the SpoVA channel stimulating DPA release and (ii) by activation of IM GRs during the come-up time to 550 MPa of HP, with this activated state of the IM GRs maintained for some time as shown for B. subtilis spores (15) . This hypothesis is consistent with the loss of almost all DPA even before the target pressure of 550 MPa is reached, and with the large increase in 550-MPa germination with heat-activated spores, since heat activation is thought to act on IM GRs, and would explain the completion of germination by 550-MP-treated spores (Fig. 8 ) (16) . Measuring DPA release in C. perfringens gerKC spores, which lack what appears to be the major GR protein involved in C. per-
FIG 7
Viability and wet heat sensitivity of C. perfringens spores exposed to HP. Spores of C. perfringens were exposed to an HP of either 150 MPa (A and B) or 550 MPa (C and D) for various times, either without (A and C) or with (B and D) prior heat activation, and spores that retained DPA, phase-bright spores, spore viability, and spore viability after exposure to 89°C in water for 30 min were measured, all as described in Materials and Methods. Symbols: OE, spores that retained DPA (100 individual spores examined); , phase-bright spores (100 individual spores examined); o, spore viability determined in duplicate; and OE, spore viability after heat treatment determined in duplicate. Values for spores that retained DPA and were phase bright are expressed relative to the average values in untreated spores; values for viability with and without a heat treatment are expressed relative to the viability of spores that were neither HP nor heat treated. Standard deviations for viability values were between Ϯ30 and 50% in panels A and B. An experiment identical to that for this figure gave very similar results (data not shown). fringens spore germination with physiological germinants (50), would be one way to test this hypothesis.
It is also informative here to consider spore germination by dodecylamine, a molecule that germinates spores of Bacillus species and C. difficile and C. perfringens (18, 23, 29, 48) . Dodecylamine germination of spores of at least B. subtilis is independent of IM GRs or CLEs, but rather this agent directly activates the SpoVA channel for DPA release, probably by binding to the highly conserved SpoVAC protein (18, 41, 48) . This agent results in complete germination of B. subtilis spores, since DPA release itself as well as the absence of DPA in the spore core triggers CLE action. However, while rapid DPA release is triggered by dodecylamine from C. difficile and C. perfringens spores, the DPA release is not followed by cortex hydrolysis (23, 27) . Thus, the release of DPA from spores of the two clostridial organisms alone is not sufficient to activate spore cortex hydrolysis. Since 550 MPa of HP is thought to trigger spore germination in a manner similar to that of dodecylamine (41, 48) , this finding is consistent with the C. perfringens spore germination seen at 550 MPa, in particular with heat-activated spores, being triggered by heat-activated IM GRs that had been further activated during the come-up time to 550 MPa.
Another notable result is that HP treatment at either 150 or 550 MPa resulted in ϳ75% killing of C. perfringens spores in 15 min, whether they were or were not heat activated. However, why there is this killing is not clear. Raman spectra of individual treated spores that had lost DPA showed no evidence of significant protein denaturation, although we cannot rule out inactivation of one or a few essential HP-sensitive proteins. Another possibility is that while the untreated spores are not oxygen sensitive, perhaps spores that have been HP treated become oxygen sensitive even when they only have lost DPA, and this viability loss certainly does not correlate with HPtreated spores having completed germination and becoming phase dark.
The lack of any loss in spore viability upon treatment of C. difficile spores with 150 MPa of HP was not surprising, because these spores exhibited no germination events. However, that the 550-MPa HP-treated spores exhibited no viability loss was surprising, since these spores lost most DPA (Fig. 2) . What was more surprising was that the 550-MPa-HP-treated C. difficile spores lost no viability after heat treatment (Fig. 6) , in contrast to the decreased heat resistance of genetically DPA-less C. difficile spores (26) . This discrepancy could be due to strain-specific differences in heat sensitivity, since the ATCC 43601 strain used here is a different ribotype than the JIR8094 strain used to generate the genetically DPA-less spores. However, another possible explanation is based on the observation that the DPAless spores generated by disruption of dpaAB, encoding DPA synthetase, have subtle but visible alterations in spore morphology as seen by transmission electron microscopy (26), suggesting that the formation of spores in the absence of DPA leads to structural adaptations in these spores that are unlikely to occur in the HP-treated spores that have been exogenously induced to release their DPA.
Certainly a striking result in this work is that unactivated and heat-activated C. perfringens spores that were HP germinated for ϳ15 min at either 150 or 550 MPa of HP had lost much heat resistance after ϳ15 min of HP treatment. This led to a total decrease in spore viability of 1 to 2 logs, with the largest decreases seen with heat-activated spores. The most likely reason for loss of heat resistance during these HP treatments is release of DPA resulting in an increase in spore core water content that reduces spore wet heat resistance markedly (51) . Indeed, for all HP germination conditions tested, decreases in spore DPA and viability after wet heat treatment were similar, and losses in phase-bright spores and spore viability before a heat treatment were much slower. These observations are consistent with the significantly decreased wet heat resistance of genetically DPA-less spoVA C. perfringens spores (24) .
One further conclusion from the analysis given above is that elimination of C. difficile spores by HP processing will not be as effective in reducing levels of these spores as with spores of Bacillus species, since these HP-treated clostridial spores do not become as heat sensitive as they would if germination had gone to completion. In addition, it seems likely that use of a heat treatment step before HP processing to ensure that any C. perfringens spores present are heat activated could lead to more effective HP regimens to increase the killing of spores of this species, as well as spores of other clostridial organisms which have IM GRs, such as C. botulinum.
